2 ], and total protein, whereas [SID] was significantly lower at rest and early recovery from exercise. [H 1 ] was also lower at all sampling times in the pregnant group, but this effect was significant only at rest. Our results support the hypothesis that reduced PCO 2 and weak acid concentration are important mechanisms to regulate plasma [H 1 ] and to maintain a less acidic plasma environment at rest and after exercise in late gestation compared with the nonpregnant state. These effects are established in the resting state and appear to be maintained after maximal exertion. human pregnancy; hydrogen ion concentration; carbon dioxide tension; strong ion difference; plasma protein concentration HUMAN PREGNANCY involves fundamental changes in respiratory control and acid-base regulation (2, 11, 16, 17, 22, 31) . These changes are initiated via endocrine factors during the first trimester, and their apparent purpose is to optimize maternal-fetal gas exchange before development of the fetal cardiovascular system (16).
]) and the strong ion difference ([SID]) decreased in the transition from rest to maximal exercise within both groups. At rest and throughout postexercise recovery, the pregnant group exhibited significantly lower mean values for PCO 2 , [HCO 3 2 ], and total protein, whereas [SID] was significantly lower at rest and early recovery from exercise. [H 1 ] was also lower at all sampling times in the pregnant group, but this effect was significant only at rest. Our results support the hypothesis that reduced PCO 2 and weak acid concentration are important mechanisms to regulate plasma [H 1 ] and to maintain a less acidic plasma environment at rest and after exercise in late gestation compared with the nonpregnant state. These effects are established in the resting state and appear to be maintained after maximal exertion. human pregnancy; hydrogen ion concentration; carbon dioxide tension; strong ion difference; plasma protein concentration HUMAN PREGNANCY involves fundamental changes in respiratory control and acid-base regulation (2, 11, 16, 17, 22, 31) . These changes are initiated via endocrine factors during the first trimester, and their apparent purpose is to optimize maternal-fetal gas exchange before development of the fetal cardiovascular system (16) .
In the resting state, arterial PCO 2 (Pa CO 2 ) is reduced to ,30-32 Torr and arterial PO 2 is increased to ,100-106 Torr as a result of substantial increases in both tidal volume (VT) and minute ventilation (V E) (2, 11, 16, 22, 31) . These respiratory effects are also observed during steady-state exercise (26, 29) . The reduction in H 1 concentration ([H 1 ]) caused by these effects is partly offset by renal excretion of bicarbonate (HCO 3 2 ), resulting in reduced plasma HCO 3 2 concentration ([HCO 3 2 ] ) and arterial pH of ,7.46 (11, 16, 22, 31) .
Studies of acid-base balance during and after maternal exercise are few and have produced conflicting results. Pivarnik et al. (29) reported reduced arterial pH levels at two intensities of both cycle ergometer (50 and 75 W) and treadmill exercise (67 m/min, 2.5 and 12% grade) in both pregnant and nonpregnant women. pH was higher in the pregnant vs. nonpregnant state under all exercise conditions, and the mean reduction in pH compared with the resting state was comparable in both groups. Conversely, Lehmann and Regnat (15) reported slightly greater decreases in arterial pH in pregnant subjects relative to nonpregnant subjects during 6 min of cycling at both 50 and 80 W. Absolute values were also significantly lower in the pregnant vs. nonpregnant state at 80 W. Before the present study, no previous investigations have examined acid-base balance in pregnant women after maximal exercise stress.
As described above, existing studies of acid-base regulation in pregnancy have utilized conventional approaches. These methods are now considered by most authorities to be obsolete because they involve simplifications and approximations and use only one equation (Henderson-Hasselbalch equation) to explain acid-base equilibria (7, 10, 36 for the independent variables and dissociation constants are known. This approach has been validated at rest and after strenuous exercise in both plasma and muscle in several studies of young men (12-14, 18, 36) and in plasma in one animal model (27) .
To our knowledge, Stewart's approach (33, 34) has never been applied for the study of acid-base regulation in women, in either the pregnant or nonpregnant state. The study of pregnant women would be particularly useful because pregnancy involves substantial changes in plasma PCO 2 , [SID] (3, 22, 25) , and [A tot ] (5, 28, 30) . Thus the purpose of this study was to examine the effects of pregnancy and strenuous exercise on the independent determinants of plasma [H 1 ] by using Stewart's model and to test the hypothesis that mechanisms of acid-base regulation differ significantly during pregnancy compared with the nonpregnant state. obstetricians in Kingston, Ontario. A control group that included 14 nonsmoking, nonpregnant subjects was also studied. The groups were equated for mean age, body height, prepregnant body mass, and parity (#2). The control subjects were not using oral contraceptives, and menstrual cycle status at the time of testing was accurately documented. A physically active lifestyle (defined as involvement in aerobictype conditioning at least 3 days/wk during the month before involvement in the study) was confirmed by questionnaire in both groups. The study protocol was approved by an institutional human investigation committee, and both written informed consent and medical clearance were obtained before entry into the study.
All subjects consumed a standard meal (350 kcal, 40% carbohydrate, 40% fat, 20% protein) 2-3 h before exercise testing and were asked to avoid physical activity and caffeine intake on the day of testing. Basic physical measurements included body mass, sum of seven skinfold thicknesses (sites were triceps, biceps, subscapular, costal, suprailiac, front thigh, suprapatellar) (35) , resting heart rate, resting blood pressure, and forced vital capacity (Cavitron SC-20A spirometer). Resting measurements were taken before the graded exercise test described below.
Exercise Testing Protocol
Exercise tests were conducted by using a SensorMedics Ergo-metrics 800S constant work rate cycle ergometer. After collection of resting baseline data, subjects cycled for 4 min at 20 W followed by a ramp increase in work rate of 20 W/min until exhaustion (20, 21) . Respiratory data were collected continuously for 10 min preexercise, during exercise, and 15 min after exercise cessation. Breath-by-breath measurements of V E and alveolar gas exchange were conducted by using a computerized system (First Breath, St. Agatha, ON), which includes a respiratory mass spectrometer (MGA-1100, Perkin-Elmer) and a volume turbine (VMM-110, Alpha Technologies).
Maternal heart rate was recorded with a Polar Electro Vantage XL heart rate monitor. Fetal heart rate was monitored by using Doppler ultrasound (model 8041-A cardiotocograph, Hewlett-Packard) continuously for 20 min immediately before exercise and for the first 20 min of postexercise recovery.
Biochemical Analyses
Venous blood samples and samples for blood-gas analysis were obtained from the antecubital vein by using an indwelling catheter at rest and during minutes 1, 3, 5, 7 (14) . Interassay coefficients of variability for these measurements are ,3% for these procedures. The albumin-to-globulin ratio (A/G) was also evaluated by measuring albumin concentration ([Alb]) by using a conventional dye-binding technique and subtracting this value from [TP] to estimate globulin concentration ([Glob] ). All measurements were performed at a constant temperature of 37°C.
Samples for blood-gas analysis were collected anaerobically in a heparinized syringe with least possible pulling force. Immediate removal of air and capping of the syringe followed. The syringe was rotated to mix the sample and placed on ice until analysis. Measurements of PO 2 , PCO 2 , pH, and HCO 3 2 were performed in duplicate by using a Radiometer ABL 30 acid-base analyzer at a temperature of 37°C. A maximum time of 20 min between sampling and analysis was not exceeded. Before each test, electrodes were calibrated by using two buffer solutions equilibrated with two known gas mixtures delivered from the analyzer's built-in gas mixer. Quality control testing with use of control liquids preceded each day of testing to ensure the acid-base analyzer's reliability.
Statistical Analysis
Statistical analysis of resting and peak exercise measurements involved the comparison of pregnant group results with those obtained from the control group by using Student t-tests for independent samples. Differences in acid-base, metabolic, and respiratory variables between the pregnant group and the control group at rest and during recovery from maximum exercise, and changes in these values during postexercise recovery within each group, were analyzed by using a two-way analysis of variance (pregnant/control vs. time) with repeated measures on the second factor. When significant F-ratios were obtained, the Scheffé method was employed for within-group post hoc comparisons of paired means, and the Tukey method was used for between-group post hoc comparisons. 
where K w 8 , K A , and K C and K 3 are the equilibrium constants for the ion product of water, the weak acid system, and the carbonic acid system, respectively. served between groups at rest and to changes in [H 1 ] during the following time intervals: rest to immediate postexercise recovery; early postexercise recovery (1-7 min postexercise); and late postexercise recovery (7-15 min postexercise). Differences for absolute and percent contributions for each independent variable between groups during these time intervals were analyzed by using a two-way analysis of variance (pregnant/control vs. time) with repeated measures. Results of all statistical tests were considered significant if P , 0.05.
RESULTS

Subject Characteristics
Subjects in both groups were nonsmoking, physically active women between the ages of 25 and 40 yr. Mean ages were 32.9 6 1.1 and 31.6 6 1.2 yr for the pregnant (n 5 9) and nonpregnant (n 5 14) groups, respectively. Mean values for age, body height, prepregnancy weight, skinfold thickness, parity, and forced vital capacity were not different between the two groups ( Table 1) . As expected, body mass, body mass index, and resting heart rate of the pregnant women were significantly higher than those of the control group.
Within the control group, eight women were in the follicular phase of their menstrual cycle [6 in early follicular (1-7 days); 2 in late follicular (8-14 days)] and five women were in the luteal phase [3 in early luteal (15-21 days); 2 in late luteal (22-28 days)]. One woman had been amenorrheic for ,1 yr.
Maternal and Fetal Responses to Maximal Exercise
The maternal responses at peak exercise in both groups appear in Table 2 . Peak values of power output, heart rate, and postexercise lactate showed no significant difference between groups. The fetuses of all pregnant subjects displayed normal reactive tracings immediately before exercise testing. As reported previously by Lotgering et al. (20) , who used the same testing protocol, there were no occurrences of fetal bradycardia postexercise. The most common fetal response to exercise was a moderate increase in fetal heart rate baseline. Normal reactive tracings were confirmed for all fetuses within 30 min after exercise cessation. All pregnant subjects later delivered normal healthy infants without significant perinatal complications.
Respiratory Responses During Postexercise Recovery
The effects of pregnancy on postexercise respiratory responses to maximal exercise are shown in Fig. 1 . Within both groups, V E and end-tidal PCO 2 (PET CO 2 ) both changed significantly from peak exercise through to minute 15 of recovery. As expected, V E was significantly greater in pregnancy compared with control values at rest and from peak exercise to 15 min of recovery. PET CO 2 was also significantly reduced in the pregnant vs. control group at rest and throughout postexercise recovery. Fig. 2A) . In both groups, mean values remained elevated throughout the 15-min postexercise period. There was no significant difference during recovery for the betweengroup main effect or group-time interaction, but the pregnant group showed a consistent trend of lower [H 1 ] values. [HCO 3 2 ] was significantly decreased throughout recovery for both groups, compared with resting levels (Fig. 2B) . Pregnant-group values were significantly lower than those of the control group at all observation times.
Changes in measured [H 1 ] from rest to peak exercise, and during both early (1-7 min) and late (7-15 min) postexercise recovery were similar in the pregnant and nonpregnant groups. In both groups, a substantial (12-13 neq/l) increase was observed in the transition from rest to peak exercise, a modest (2-3 neq/l) net decrease in [H 1 ] was observed during early recovery, and a larger (4-5 neq/l) decrease was observed in late recovery (Fig. 3) .
Measured As expected, [La 2 ] was significantly increased through the entire postexercise period within both groups. Mean plasma [La 2 ] values were also slightly higher at peak exercise and throughout recovery in the pregnant group, but this effect did not reach statistical significance. Venous plasma [SID] was significantly lower in the pregnant vs. control group both at rest and at minutes 1 and 3 of postexercise recovery (Fig. 4B) .
[SID] within the pregnant group was significantly reduced from minute 3 to minute 15 of recovery, compared with the rest value, whereas the [SID] of the control group was reduced for the entire postexercise period. There was no significant group-time interaction for [SID] .
Plasma protein concentrations. At rest, and throughout postexercise recovery, [TP] was significantly reduced in pregnancy compared with the nonpregnant state. Both groups exhibited significant increases in [TP] throughout postexercise recovery, and there was no significant group-time interaction (Table 5) .
Values for [Alb] and A/G were also significantly lower in the pregnant group vs. control group under all measurement conditions (Table 5) 
Stewart's Quantitative Analysis
As described in Dependent Acid-Base Variables, significant between-group differences existed in the preexercise resting state and for all three independent variables. Calculations using Stewart Calculations of average percent contributions of independent variables to these changes also revealed a similar pattern between groups, regardless of whether contributions were expressed in nanoequivalents per liter (Fig. 5A) or as a percentage of the calculated change (Fig. 5B) . In this regard, ,60% of the exerciseinduced increase in [H 1 ] was due to a reduction in [SID] (secondary to blood lactate accumulation), with lesser contributions from an increased [A tot ] (,30%, secondary to exercise-induced hemoconcentration) and increased PCO 2 (,10%).
Analysis of the postexercise recovery period (minutes 1-7) was complicated by the fact that peak venous blood lactate levels are observed between ,3 and 7 min after exercise cessation (Table 4) . Thus [SID] in both groups showed a net reduction from minute 1 to minute 7 of recovery and would tend to increase rather than reduce [H 1 ] in venous blood during early postexercise recovery. The main way of compensating for this was to decrease PCO 2 with little or no effect of changes in [A tot ] in both groups. In late recovery (minutes 7-15), changes in all three independent variables made important contributions to reduce [H 1 ]. No significant differences were observed for either the calculated absolute or percent contributions of any of the independent variables to reductions in [H 1 ] in early or late recovery. Values are means 6 SE; n 5 9 for PG and 14 for CG.
[TP], total plasma protein concentration; Alb, albumin; A/G, albumin-to-globulin ratio. * Significant between-group main effect for variable. † Significantly different from paired control value. ‡ Significantly different from rest within group. Table 4 . Venous plasma strong ion values at rest and during recovery rest to peak exercise and during both early and late postexercise were quantitatively similar in the pregnant vs. nonpregnant states, and statistical analysis showed no significant between-group differences. Values for [HCO 3 2 ] were also lower (P , 0.05) at each observation time in the pregnant state. These findings are consistent with the hypothesis that the maternal system is able to maintain a less acidic environment compared with the nonpregnant state even in response to maximal aerobic exercise. However, additional study involving larger sample sizes will be needed to verify this conclusion. Our results are also consistent with the earlier results of Pivarnik et al. (29) Reductions in arterial and venous plasma PCO 2 during pregnancy are attributable to a progesteroneinduced increase in respiratory sensitivity and an estrogen-dependent increase in hypothalamic progesterone receptors (1, 4, 23) . The reduction in [TP] during pregnancy results primarily from a substantial expansion of maternal blood volume (,40-50%) that occurs as a result of estrogen-mediated stimulation of the renin-angiotensin system and increased aldosterone secretion, leading in turn to Na 1 and water retention (19) .
Reduced 
